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”NOTICEi  When  Government  or  other  drav^inge,  specifications  or 
other  data  are  used  for  any  purpose  other  than  in  connection  with 
a  definitely  related  Government  procurement  operation,  the  U.S. 
Government  thereby  incurs  no  responsibility,  nor  any  obligation 
whatsoever!  and  the  fact  that  the  Government  may  have  formulated, 
furnished,  or  in  any  way  supplied  the  said  drawings,  specifications 
or  other  data  is  not  to  be  regarded  by  implication  or  otherwise  as 
in  any  manner  licensing  the  holder  or  any  other  person  or  corpora¬ 
tion,  or  conveying  any  rights  or  permission  to  manufacture,  use  or 
sell  any  patented  invention  that  may  in  any  way  be  related  thereto.” 
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IntrodueUoD 

Tbo  iaUreliMiaB  of  onergy  botWMn  orteruol  do(pr««o  of  freedoi.i  (truno* 
latlOQ)  and  the  iaUnwl  CaorMi  of  froelaa  (Titoation  and  rotetloa)  of  a 
aolaeaU  ^a  it  wdarooeo  a  eolliaian,  io  a  iKfc>«t  of  gxnat  Inportaace, 
><•■»««■■  of  its  iatrinoitt  iatemat,  baeaiaoe  of  Ito  ai«nlfieaaoa  in  tlw  >^i>- 
aral  ftalil  of  Aexdoal  klnatiaaf  and  baoouau  of  ita  baarlnc  QO  voriouo  (jas 
dynaadaal  and  aoabiiartian  pr^tlaas.  Vhan  a  gaa  io  auddenly  teated,  as  tw 
exaiVla^  by  a  rtioak-mvat  or  auddanSy  aoolad*  aa  a  rapid  expoaaion,  it 
widaiitoaa  a  rapid  ahoaoi  la  taa^araitura.  Za  oar  aomal  «ao«a  of  tho  tent 
"ta^iaratinra"  va  man  that  tha  klaatia  oneru  of  trannlatioo  of  tha  uole* 
aulaa  baa  dunpad*  if  the  ebanoa  la  Mary  ovddan,  ttaa  aav  dlatribuilon  of 
aodaealor  mlodtlao  uny  laataatoaaoua?y  van  no  loopar  faUcw  tha  >taBCu«ll» 


Boltaaonu  low.  A  nov  Doltsaaaai  dlatributlon  ia  aotahliohad  ia  i3m  tixa  of 
a  tw  eoUiaiooD.  Vo  oahlam  eoavlata  tboraodynanie  aqoUlbrim*  it  ic  now 
naaaaaary  for  tha  anaxulac  of  tha  rotatloual  oirl  tha  vlbratlooul  liocraas 
of  fraailcwi  to  baoona  aljnatad*  Ibia  vlll  lavolwa  a  farther  thonaa  of 
paratma  aa  Istarebaniga  of  aaargy  batvaon  treaalatlon  ond  rotation  an; 
rlbratloat  tahaa  plaaa.  -Jm  aoUialonal  iirooaoaao  by  vbieh  thia  aqaLUlra* 
tion  ia  affbcta*!  oia  eaUad  rotatlonol  'ur  vibrational  raliuiatian* 
Rotational  ralauc;:tm  oauaUy  ta/>*  fbv^t^.n.f|Vj^taiia  o‘.' 
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translation  may,  for  nou-c  purimses  tbo*'^fo2«,  ba  grouped  togsther  ao 
external  degrees  of  freedon*  Ibe  transfer  of  energy  between  vlbratlouc 
and  external  degree  a  ot*  freedom,  on  tbe  other  hand,  often  turns  out  to 
be  a  very  Inefficient  prooeos.  Itiia  to  especially  oo  for  clmple  stiff 
diatomic  molecules  ouch  as  nitrogen,  “where  many  hundreds  of  thousands 
or  even  millions  of  collisions  may  be  required.  ^Ihe  relaxation  tliae 
Is  long  enoui^  to  make  the  question  of  “vibrational  relaxation  asaut.n 
practical  Importanoe.  It  affects,  for  example,  the  state  of  a  under¬ 
going  rapid  expansion  In  a  rocket  noxxle  or  suffering  rapid  compression 
behind  a  ahock-vave. 

With  Incxeaalng  nolecular  cocrplexity,  vibrational  relaxation  Is  noxe 
rapid,  less  than  90  collisions  being  required  for  propane  at  P0*C  and  ^  atm. 
It  la  still  not  uneoccian,  houever,  to  find  several  thousand  collisions 

s 

nectasary  and  in  spaeial  eaaes,  aa  in  CO,**  at  room  temperature,  the  relax¬ 
ation  tine  may  still  be  as  long  as  several  microseconde* 

Tlieee  etateoents  apply  to  the  pure  gas*  Ibe  study  of  molecules  altn 
long  zelaxation  tines  is  almoet  alvaye  cocplicated  by  the  feet  that  ?oly- 
etoBde  Bolecules  ueually  make  mieh  more  efficient  eollleion  partnere  far 
relantlo^  than  another  aolecole  of  the  pure  gae.  !tlnute  OBxntnts  of  poly- 
atoaie  iapuritles  nay  therefore  reduce  the  observed  times  by  several  orders 
of  mignltude*  Tbs  eomDoaeat  contaminant  is  water  vapor  and  the  ponobler  of 
ita  renoval  will  be  dlscueaed  later  on. 

A  mnber  of  loethods  have  been  employed  for  neaeuring  relaxation  tlinoa. 
Dieae  Inelude:  (l)  the  dispersion  end  absorption  of  ultrasonic  wwee,^ 

(?)  the  iapect  tube,^  (3)  InterfCrooetrlc  measureoento  of  denaity  chances 
behind  ahock-vavee,'^  (^)  *  direct  method  involving  infra-red  radiation, 
sailed  the  spectropbone  technique,^  (^)  the  Infre-red  emission  method  do- 
scribed  here* 
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In  th*  pi^aent  work  a  tvsv  technique  fcr  reasurinc  vibrational  reiaacatloa 
tlmeo  has  been  developed®  Tbm  rate  of  population  of  a  particular  '.l.bra» 
tionally  excited  state  in  a  gas  that  hao  been  rapidly  heated  by  the  pac  jaec 
of  a  8hoek>vave  I0  followed  by  observing  thr  eedLssion  of  infra-rel  radia¬ 
tion  from  this  state  Ith  a  detector  o'J  bhort  response  tljne. 

In  the  particular  application  described  here,  we  observe  the  rate  of 
population  of  the  P.  d  vlbratlonU.  state  (v  »  P)  of  CO  fror  the  tine  da- 
peodenoe  of  the  eoission  of  the  first  overtone  (P  0)  radiation  at 
(To  some  extent,  of  eouroe,  cxie  Is  also  looking  at  the  transitions,  3-^1, 
k  etc.,  and  hence  at  tho  population  of  these  iQiper  states®)  Ibe  rad- 

r 

iative  lifetiias  for  the  P  0  transition  la  I®1  aec.*^  At  equilibriia.  at 
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1  atn  at  1500*K  the  calculated  endsalon  is  x  10  watts  cc  ,  which, 

■  n  the  oxperinental  arrangement,  is  recullly  detaeted.  It  la  difficult  to 
calculate  aalf •absorption  accurately,  but  approxlinate  ealeulatloae  ac^rdlng 
to  tha  method  of  ftnnsr  and  Weber^  inrlieate  that  it  is  anaill  or  negligible 
(Actually,  the  amount  of  radiation  ia  proportional  to  the  pojnilatlan  of  the 
V  m  2  atate  even  if  there  is  self  •absorption  provided  that  the  amount  of 
aalf^abeorption  is  fairly  constant;  and  specifically  if  it  it  not  laroe  In 
the  boundary  layer  whorr^  the  density  and  temperature  are  quite  different 
than  that  of  tbo  bulk  goo®)  The  lifatine  for  the  P  1  transition  is 
0.015  oec^;  In  our  experlmants,  the  lifatloe  for  tha  ?  •^  0  overall  traos^  ^ 
ition  by  collision  is  10*^  sec  or  less®  ’Iherefore,  the  radiatire  proeessaa 
serve  to  indicate  the  population  of  the  state  without  eignlfieantly  affbet* 


Ing  it® 


txserimntol 

Tbe  Shock  Tube*  uae  of  the  ahock  tube  in  tbla  laboratory  as  a 
tool  for  studying  ehenlccd  rsoctloos  at  tenperatures  has  already  been 
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deseribed*  In  all  of  our  previous  work  the  procpresa  of  a  ehrcilcal  reac« 
tloo  has  been  foUoued  by  the  absorption  of  vlslbl ,  or  ultraviolet  light* 

The  length  of  our  shock  tiJbe  has  been  Increased  In  order  to  Improve 
the  qyallty  of  the  shocks  and  to  Increase  the  time  available  for  oboervi^ 
tlons*  The  diameter  Is  1^  cm)  the  driving  section  la  a  2^0  au  length  of 
alunlmin  pipe;  the  shock  vave  eeetloo  ccoalste  of  a  cm  length  of  ailed* 
num  pipe  and  tw  1%  on  lengths  of  pyrex  pipe* 

VBrt  of  tbs  notlvetlon  to  lengthen  the  tube  was  the  vieslre  to  notes  ob¬ 
servations  In  the  region  behind  the  reflected  ahock  froit  which  would  have 
jrerloiiely  been  teminBted  far  too  soon  by  the  arrival  of  dlettnehaoees  from 
the  driving  seetloo*  HefXeeted  ahock  studies  hseve  seversd  adveatages*  In 
the  first  pileoe#  the  gas  behind  the  reflected  ahoek  Is  stetionaryf  eo  that 
tho  tlme-eompresslon  effect  aseodnted  with  the  fact  that  the  gee  the 

Incident  shock  Is  mcMog,  does  not  occur*  The  rasKival  of  this  penalty  was 
Important  sines  our  drteetor  was  already  a  limiting  factor  end  we  could  111 
afford  to  sacrifice  any  of  Its  Halted  reeponee  tine*  Secondly,  almoet  a 
plllleeeool  waa  available  before  the  arrival  of  the  cold  front*  Finally, 
due  to  the  double  oocqaeeelon  end  heating,  high  tesyeraturee  end  pteeswes 
could  be  reertied.  without  exceeeively  hi^  drlvtag  pceesures  and  ueii^  less 
ceiton  Bonoodde*  All  of  the  esperlmeotal  results  prssented  hers  were  made 
using  ths  reflected  ahock  tcchnigue*  The  obacrvetlon  station  was  oet  up  as 
close  as  possible  to  the  end-plate  to  ulnir4ie  dlstistances  due  to  the  growth 
of  the  boundary  leper  and  to  git  the  obaarvetlon  time*  ^he  distance 


this  vas  enou^^  to 


eboMn  vaa  3  cc}.  Vlth  the  optleal  syatei:^  axnplc 
pravent  the  dateetor  neolng  possible  radiation  froca  the  end-plate. 

The  Infra-red  Cell.  A  lead  sulfide  photoeonduetlve  deteetor  l^bluc  by 
The  Electronics  Corporation  of  Anerlca  vaa  used.  Ihe  sensitive  eleroent 
vas  3  nsn  by  5  cm.  Ibe  response  time  van  IP  4  3  |||aee;  the  cell  reslatanoe 
vas  6  megohms;  the  sensitivity  vas  1.^  x  10^  volts/vatt;  and  the  noise 
equivalent  posser  (at  3  cps)  vas  ca.  3  x  10*^  vatts.  'Rie  associated  elec* 
tronles  did  not  increase  the  rise  tine.  Ihs  output  of  the  detector  vas 
fed  into  a  presmpllfler  and  then  to  an  oscilloscope.  cell  vas  ruounted 
In  a  turret  setting  vlth  three*vay  moveiaent  for  focussing.  A  asnoenlit: 
^l^er  cut  off  rodlotloti  belov  P.O  ^  and  the  pyrex  vail  of  the  ahoek  tid>e 
•bsozted  radiation  larger  than  P.3  In  addition,  a  Coming  filter  lio, 

vlth  a  long  veve  length  cut  off  at  P.6  n  vaa  uaed*  This  effectively 
leoJiled  radiation  from  the  0  P  transition  In  carbon  mozioxlde  idileh  is 
centered  at  P.33^  £.  In  control  experiments  vlth  dry  nitrogen,  Lees  than 
U  percent  wrlsslon  vas  observed.  Ibe  experimental  layout  Is  shovn  In  Fig.  1. 

Fig.  1  hart 

'nils  also  ebovB  schesmtically  the  achlleren  systems  which  were  used  for 
starting  and  stopping  tho  timer  and  trlggsrli^  the  occlUoecopes. 

TtMB  removal  of  impurities.  Early  work  served  to  emphasize  the  inpcr» 
tanee  of  exeludls^  vater  vi^r  and  other  impurities  frou  the  syetem  due  to 
the  very  high  effleleney  of  these  molecuLcs  as  eoillsloo  partners  for  tha 
relajostioB  proosss.  T  o  zosasurss  vers  necessary:  (a)  the  use  of  cazbon 
monoxide  of  vary  high  purity,  (b)  the  redustion  of  the  static  pressure  of 
HpO  or  COp  In  the  shock  tuh%  caused  by  desorption  fren  the  voU:^  to  as 
L<9v  a  level  as  poesible. 
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Oae  series  of  e^qierliients  was  tjeie  with  Jiatheaon  Aasayed  ilea{5ent 
Grade  CO.  Maos  speetrocetric  analyses  vev^  aiipplled  and  listed  the 
main  iopuritleo  In  two  oariples  as  cailxMi  dioxide,  0.04  and  0.?*?  nolc  per- 
eont^  and  hydT<30Bi\  0.05  and  O.OP  inole  poreeut.  Most  of  the  work  viia  done 
with  samples  ’pnB'pBund  oy  froetlonfil  diotillatioii  of  Matheson  C.P.  grade 
carhon  monoxide  In  a  cood  low  temperetiire  colurm  with  a  reflux  head  re- 
frigsrated  with  pisnped  down  liquid  nitrogen.  ?3iis  ga^  quite  pure  COp 

A  typical  loass  spectroteter  analysis  (Consolidated  Slectrodynamies  Co.) 

•k 

is;  0^,  10  mole  percent,  less  than  .015  mole  percent,  all  other 

impurities  less  than  nols  percent. 

The  other  source  of  impurities  vac  the  valla  of  the  shock  tube.  ?o 
cotsbat  this  three  measures  vers  adopted.  '  Thri  vhole  lo%^pixes8ure  section 
of  the  shoek-ttiwi  except  for  the  observation  area,  vas  wound  with  a  heat¬ 
ing  elexaent.  A  temperature  of  50  to  70*C  could  then  be  maintedned  while 
pisoping  out  the  tidbe  to  facilitate  out^assing.  (b)  A  false  end-plate  vos 
designed  fitted  vith  a  re-entrent  cold  finger  vhldi  could  be  refrigerated 
vlth  liquid  nitrogen  or  other  coolant.  During  evacuetiao  a  hole  in  tne 
false  end-plate  gave  aeoeso  from  the  osln  voluae  of  the  tite  to  the  cold 
finger  which  lay  between  the  true  end  and  the  false  end.  Before  starting 
a  nn,  this  hole  vas  filled  by  pushing  in  a  plug/  the  shaft  of  which  extended 
through  the  titfw  end^plote  via  a  bole  sealed  with  an  0-rlng.  Hbm  end-plate 
also  carried  a  mountizig  for  a  Riilllpe  ionisation  gauge,  (e)  The  puniplng 
arrangeneots  for  the  t«g»,  which  now  bos  a  volume  of  about  Qo  liters,  \mr9 
improved  by  installing  a  three-stage  oil  diffusion  piaip  conneete<l  to  the  tUbe 
via  a  high-speed,  one-inch  aperture  baffle  val^. 


% 
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with  the  aid  of  theie  Imprayementa,  it  vas  xx>aBible  to  achieve 

a  pmiaurs  of  about  10*"^  m  with  liquid  nitrone.  In  the  cold  finger* 
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preaaure  rise  vltii  the  ahock«tuhe  Isolated  vaa  less  than  10  im  per 
minute*  Since  a  run  tahes  about  10  uinuteai  thla  Is  negligible  vlth  the 
amoiBxts  of  gas  used.  ?or  experlraents  with  added  COr^^  the  cold  finger  xnui 
filled  with  dry  ice  sou  trlehlorethylenei  ancA  a  control  experlBient  van 
made  under  theoe  conditions  without  added  CO/^.  Mixtures  of  CO  and  COr 
mre  mde  up  befo^ehont^  in  a  storage  ba  b*  For  experlnents  with  adck^d 
either  dry  ice  as  above  or  oethylene  broioidG  at  its  freezing  point  was  eo^ 
ployed,  nie  technique  iidopted  was  to  udrjlt  excess  water  vapor  to  the 
tube  first  and  tlien  let  in  the  CO.  About  1^  rjlnutes  was  allcved  for  tho 
HpO  to  ccMJe  to  equlllbri\sn  with  the  ice  on  the  cold  flrtgerr  to  rdx  with 
th«  CO.  ^Sie  vapor  presiiuxe  of  HpO  is  u.  j6  |t  at  (dry  ice)  and  about 

^  ^  at  •^*C  (neltlng  aethylene  bronldc}.  Control  runs  without  added  ii^o 
vene  done  at  each  tei  pereture. 

C'dculatlon  uf  Tjoparatiwa  and  Pressure.  Ihe  temperature  on. 
deoaity  of  a  shocked  gas  asa  be  caleulated  from  the  shock  velocity  and  tlie 
Initial  conditions  if  the  enthalpy  of  the  gss  is  known  as  a  function  of  teia- 
jsrmture.  As  vibrational  xelsxation  oeews  behind  a  strong  shock,  the  ten* 
^mture  decreases  and  the  density  Increases.  ^Ehs  situation  is  mre  eoci* 
plicstad  for  reflected  shocks,  h  bane  calculated  the  conditloiiD  behind  the 
auflaeted  shock  f^ran  too  nsssured  velocity  of  the  incident  stock,  as* 
susa.  In  aacordancs  with  the  evidence,  that  the  gas  behind  the  incipient 
■hock  is  wrelMed.  C  J.culatiaiis  bsnsi  been  made  for  the  unrelasce^l  incident  - 


unrolamd  reflected  condition,  ^le  Is  strictly  aiJiillcaJjle  to  the  re¬ 
flected  shock  very  close  to  the  end  plate*  Calculations  could  also  be 
made  for  the  unrelaxed  incident-relaxed  reflected  conditions*  Qiis  would 
be  appropriate  for  the  steady  state  shock  after  a  long  period  of  tir^e* 

One  is  however  observing  the  xsroeess  of  vibrational  relaxation  close  to 
the  end  plate.  Neither  of  the  above  liiaiting  stfiady  flow  conditions 
therefore  ax^les.  The  gas  behind  the  shock  is  contracting  and  the  re¬ 
sulting  rarsfaetion  vave  is  naving  out  to  merge  with  and  slow  down  the 
shock*  A  correct  calculation  would  be  very  eQap3i.eated*  We  have  there- 
foxe  used  the  warelamed-uorelaaoed  ealculations  (f  teraperaturs  and  density. 
Portunatelyi  the  vibrational  enthalpy  is  not  too  large  and  the  uneertaln- 
tiea  are  small. 

Sxamples  of  reflected  shock  calculations  are  given  in  Tab^e  I. 
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^  tenpemture  of  heated  gas  behixid  sliock;  S  obock  velocity;  TT^ 
poressurs  ratio  oerooa  uUock;  ^  density  ratio  across  shock.  Subscript 
1  refers  to  incident  shock,  subscript  r  refers  to  rsfleeted  shock, 
subscript  t  refers  to  t  jtol  chaiigs. 


Results 

vibrational  rslascatlon  tine  of  carbon  monoxide  has  been  measured 
between  lUoo*K  and  yjOO°K  and  over  a  mn^e  of  final  pressures  frosu  .1  to 
3*^  atn.  A  preliBlnary  study  of  the  effect  of  omall  amounts  of  COp  and 
HpO  has  also  been  nadc* 

A  typical  experimental  record  of  infra-red  emission  due  to  the 
2-^0  transition  is  shown  In  2. 

rig,  2  here 

As  indicated  pixeviously,  it  is  believed  that  the  intensity  of  tlie 
emission  is  directly  poroportional  to  the  eoncentration  of  molecules  in 
the  upper  state.  After  a  sraOl  Initial of  gradually  increasing  dope 
the  trace  rises  almost  linearly  for  about  half  the  total  amplitude  end  then 
approaches  the  equlXibriisn  value  caymptotically. 

XntenttetatloQ.  Ono  nay  conceive  of  any  one  of  three  po80ibllitie).i 
as  being  the  moat  ing^nrtant  path  for  populating  the  rl;ate  v  »  P. 

niers  is  the  direct  0-^2  excitation 


CO  ♦  CO 


CO  ♦  CO 


(X) 


^re  is  a  two  step  process,  0  1 


Sol  * 

CO  ♦  CO  CO  ♦  CO 

Sio 


(') 


CO*  ♦  CO 

there  is  also  the  possibility  (3)^  in  which  two  CO  molecules  react  to 


give  CO  ♦  COp  In  which  no  eonveroion  translational  energy  to  vibra^ 
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f 


tio.-ial  fiTKiriZ'  occura,  b'lt  in  viilch  thr*  vibration.’!!  Ir.  rf»dl./tribui<.ed. 


r  ; 


or  thir.  tho  forward  'irrl  rowriifi  rate  aori.itantn,  nr^  equal. 


CO  +  CO 

^0 


CO  +  CO 


(’0 


CO  4  CO 


CO**  -►  CO 


Oa) 


If#  j  ^  y  y 

For  Biupllclty,  cake  the  approxlciatlon  (CO  )  \(  (CO  )  (CO)  • 


Hypotbesla  (l)  ^0  a  olxiple  exponential  cTOvth  of  (CO  ). 


## 


(CO  )  «  (CO 


#* 


)oo  6  * 


(la) 


In  tha  bamonlc  oscillator  axproxlmation, 
Then  hypothosla  (2)  glvec 


(Co'’*)  -  {1  -  •*p[-lSlo(C'^)i^  (^®) 

If  In  hypotheais  (3)^  ve  aosuM  •  Is  very  large,  expiression  (2a) 

ac^ln  results*  Thus,  (l)  gives  a  simple  exponential  grc^rth,  beginning  vlth 
* 

a  finite  slope,  vhereas  (2)  and  (5)  give  grovth  beginning  vlth  sero  slope, 
then  rising  steeply,  vlth  a  rise  time  of  the  order  of  l/^^(C0),  nacely 
the  relaxation  tlxne  of  the  first  vibrational  state* 

liypothesis  (3)  ciu  be  discussed  In  further  detail  as  follows*  Reac¬ 
tions  like  (3a)  are  ''energy  transfers  ei;  exact  resonance*'*  Ihe  complete 
set  of  such  reactions  do  not  create  vibrational  enercy,  but  they  redis¬ 
tribute  it  In  such  a  way  that  the  xx>pulatlon  of  the  n*th  level,  (CO^*), 

Is  related  to  the  population  of  the  first  excited  level  by 


(co"*) 


-ir*- 


That  Is,  there  Is  &  Bolt*narm-like  distribution  detert^iined  by  the  total 
a.'Tiount  of  vibrational  enerry,  In  the  systei.i.  Given  ouch  a  Bolta- 

mann-like  distribution,  reactions  like  (3a)  will  be  proceeding:  backward 

and  forward  at  equal  rates  and  will  not  further  affect  the  distribution. 

q 

Now,  Mootroll  and  Ghulcr'  have  81ov.ti  that  if  one  considers  the  coriplete 
set  of  equations  like  (&)  In  the  hamonlc  oscillator  approximation, 
then  a  syotan  which  starts  with  a  Boltzmann  distribution  of  vibrational 
statep  aprproijrlate  to  one  terperature  relaxes  to  the  Boltzmann  distri¬ 
bution  appropriate  to  the  translational  temperature  via  a  set  of  Boltzmann 
distributions  appropriate  to  Intemedlate  temperatures.  Under  these 
circumstances,  the  reaction  system  (3a)  makes  no  contribution  to  the 
vibrational  distribution  even  thou^  Its  rate  constant  nay  be  laree. 

j 

Ploto  of  In  (l  -  (CO**)/(CO)^j  vs.  t  and  of  Infi  -  [(CO**)/(CO**jJ'^ 
VS.  t  are  shovm  in  Plj:.  3.  dhe  latter  relation  gives  a  better  straight 
line,  thuu  favoring  hypothesis  (?)  or  (3).  The  situation  la  not  perfectly 

Fig,  5  here 

clear  cut  however  because  the  finite  rise  tlrie  o'’  the  detector  tends  to 
make  a  curve  like  ^la)  look  Uke  (Ga),  Ve  believe  this  effect  is  srall. 

A  r.ore  detailed  examination  of  this  point  will  be  made  In  a  later  paper. 

Accept  equation  (?a).  Define  the  relaxation  time,  7^  as  1/)^q(C0). 

Prom  the  equation  there  Is  a  point  of  Inflection,  d^(CO**)/dt‘^  •  0 
at  (CO  )  *  (CO  )ooA*  ^  both  sides  of  tills  point,  the  curve  Is  almost 
linear  ond  the  slope  Is  ?/f.  Voluss  of  ^  so  obtained  are  presented  In 
Table  ?. 


f 

t 
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Table  T*  Relaxatlou  '1*c  Moacurei  enti; 


Initial  P  eflsurc 

r  1 

i 

r 

IT 

t 

tt 

? 

r 

T  P, 

of  CO  atm 

fpec 

jtiaec  atm 

.C!/0 

'”'.0 

1446 

53.7 

11.01 

5.01 

536 

.okn 

'  10 

l446 

53.7 

11.01 

2.62 

246 

645 

.OTl'i 

11 

1399 

50.C 

10.77 

5.65 

Itxi 

610 

.0U69 

'‘14 

1455 

U.o4 

2.54 

257 

601 

.0311 

u 

1447 

53.7 

11,01 

1.67 

55? 

588 

.0U8U 

0:. 

1455 

5--') 

10.95 

2.56 

224 

575 

.051^ 

1455 

5^.v 

U.05 

1.73 

527 

565 

.0517 

1445 

53.6 

u.oo 

1.70 

325 

55? 

.0U03 

1451 

54.0 

U.03 

2.13 

243 

540 

.0306 

'^5!; 

1500 

57.0 

u.?6 

1.74 

254 

4o7 

.0Pi*3 

u-y) 

17P4 

70.3 

IP.  10 

1.74 

133 

319 

.013P 

UIP 

PI50 

07.6 

15.54 

1.73 

152 

254 

.OP16 

lOU’ 

1916 

1P.3 

ipM 

1.73 

93 

174 

•0^15 

lOl'/) 

19?1 

8?.7 

12.87 

1.73 

97 

17? 

.0179 

UPP 

PI70 

90.0 

13.60 

1.77 

67 

U9 

.0161 

noo 

P117 

95.** 

13.45 

1.75 

66 

104 

.006P 

i4  0 

P»“Kl5 

153.0 

35.55 

0.95 

57 

55 

.0060 

i4 

P9'^5 

155.0 

15.53 

0.9? 

57 

54 

•The  uean  value  of  tbc  njeaevu^iuento  In  the  vicinity  of  l4oo*K,  con¬ 
verted  to  1^I00*K  and  1  atic  preseure^  Is 

'f  a  650  ♦  50  ralcrosecooda 

The  form  of  presaure  and  teznperature  deper  .  M  used  In  making  these  con- 
veraions  idJU.  be  diacuoaed  belov.  imy  also  be  obtained  from  the  al^jpe 
of  the  stralfi^t  line  in  Fig.  3  which  bos  the  advantage  of  using  the  whole 
cam*  Within  tlie  liziiits  of  accuracy  both  methods  gave  the  aaoe  results 
in  several  cases  and  the  leas  laborious  inflection  point  method  was  there¬ 
fore  adopted. 

Prtssuce  dependence  of  7  •  For  a  collisiaQal  process «  a  oimple  in- 
verse  pressure  dspendenoe  is  to  be  expected.  A  graph  of  2  £  versus  £  for 
those  experljaents  cloae  to  lU00*K  is  shovn  in  Fig.  k*  Ohe  values  of  T 
have  been  converted  to  l400*K.  A  reasonable  fit  to  a  straight  line  ic 
obtained. 

Fig.  k  here 

Tboperature  dependenac  of  T  •  The  relaxation  tines  are  observed  to 
decrease  with  Incnwiaing  tsnperatiffe  as  expected.  The  usual  theories  of 
vibrational  relaxation  lead  to  an  expression  of  the  form, 

log  T  ■  AT*^^*  ♦  B  (U) 

where  A  and  B  are  eonstante.  Values  of  log  JT  versus  for  the 

present  obaervationo  are  plotted  in  Fig.  3*  The  best  straight  lir^  that 

Fig.  3  here 

ean  be  drawn  throu^  the  experinental  points  leads  to  A  *  6^.43  aixl  B  -F 

Equation  (3)  and  the  above  value  of  A  were  used  in  making  the  eonver- 
sione  of  T  to  l400*’K  oentiooed  oarllor. 


Tbe  effect  of  lupurltleti.  efTect  of  atjoll  onounte  of 
11,70  or  COp  on  the  reUdcatlon  ttiie  of  CO  Id  nhown  In  Table  5.  ’ 


added 

'ater  cauoes 
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•Pable  3.  Effect  of  l;.x>urltleo  on  Vibrational  Relaxation  of  CO 


CoopooitioQ  of  £;a8  Cjjlazit  in 


* 

Ti'ap 

pure 

CO 

« 

dry  ioe 

puro 

CO 

c  '.tlno 

uethylene 

brordAe 

CO  ♦ 

.00?^  IIpO 

cbry  Ice 

CO  ♦ 

.3^  UgO 

reltine 

iethyiene 

bi’-iulde 

CO  ♦ 

•1^  cop 

dry  iee 

CO  ♦ 

vlth 

.03^  Hp 
<  .04^  COp 

liq  lip 

m 

A. 

r 

r 

r  i 

a&. 

Jiaec 

jaaec 

11*57 

1.7** 

19<3 

3^ 

11*37 

1.72 

210 

361 

13'.>3 

l.6i 

212 

3^1 

ll*3v 

1.70 

33 

60 

ll*5i 

1.7D 

150 

lijol* 

1.2l* 

1/3 

220 

« 

Control  nmo  with  pare  gas. 


-IT 


a  narkad  ineraaaa  in  the  rate  of  ralaxstloa  even  in  trace  orounto*  At 
a  relative  cocioeatratlon  of  3  parts  in  10’'^  the  value  of  7^  Is  reduoel 
by  at  least  a  i^aetor  of  ulx.  reduction  oa^  be  oa:3ev!Kit  greater  be¬ 
cause  the  obaerved  tiise  is  close  to  the  recixxise  time  of  the  detector* 

Pot  COf  a  ratio  of  1  part  in  IC^  reduces  ^  by  about  a  factor  of  two- 
thirds*  ^  experiioent  vith  the  Hatheson  Itoagent  Grade  CO  gave  rslaxatiao 
tUeo  of  about  half  those  observed  vlth  the  fractionally  distilled  eaB^deo* 
Sisee  the  CO?  Sjapuarity  van  rtnoved  by  the  -19^*0  trap,  this  aay  be  due 
to  the  hydrogen  inpurlty* 

Cooclusioos 

1*  ISie  valut  reported  hers,  ^  »  yjO  fmec  at  IA70*::,  la  30  tisno 

4 

greater  than  that  given  in  our  prslinlnary  report*  The  \alus  at  r^)0* 

(130  igmc)  is  greater  than  the  value  of  10  iiMe  given  in  a  prsliiaio^ry  re^ 

3 

port  by  the  irinoaton  (proup*  This  is  peesiaoably  a  natter  of  the  renoval 
of  lapurlties*  It  is  of  eourse  possible  that  even  the  present  results  ars 
affected  by  is^wltiee* 

At  pee  sent  00s  nay  say  that  CO  has  the  longest  vibrstional  relaxation 
tines  kaoim  at  any  given  tanparature* 

2*  Tbs  axpertnental  data  favor  hypotheses  (2)  and/or  (3)  over  (1)* 
Theory  very  strongly  aeconds  the  notion,^  in  that  the  Interconveralon  of 
a  large  snount  of  energy  betueen  vibration  and  translation,  as  in  raactioa 
(1),  la  pradieted  to  be  extreosly  taprobabla  ( ^  10*^  less  probable  than 
process  (2)  in  the  preaent  instance)* 

have  mode  prallninary  calculations  of  the  rote  conctsota  ooi  e 
for  cctuationa  (2)  and  (3)  above  according  to  the  Schwartz,  Slaira)Qr»  Htrz- 
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field  theory^  as  aineoded  by  Tanczoc.^^  For  the  Lennard-Jonea  poranet^r, 

OTt  for  CO,  ve  use  5.^  lie  calculate,  at  liKHD^’K,  ■  1*9  x  10  £ 

«  2.1  X  lO"*^  ■  ^*5  X  10*^  Z  Is  the  gas  kinetic  theory  collls- 

.7 

Ion  nuDber.  TSie  experliaentall^  at  lUoC’K  eorrecpondi  to  ■  5  x  10  2. 

^nie  agreement  betveen  theory  and  experlnent  lo  as  f^ood  as  con  be  expecteo. 

3 

N.te  that  altbou^  e  Is  calculated  to  be  about  10  greater  than  1^^,  the 
dlacuasloo  glTen  earlier  Indicates  that  the  energy  tremsfer  at  exact 
reaooaiiee  probably  does  not  affect  £he  kinetics  of  the  population  of  the 
rarlous  Tlbrational  states  significantly. 

3.  Tha  Tlbrational  relaxation  time  of  CO  is  greatly  diminished  by 
the  linpitrltles  H.'?0  and  C0^«  ^I%eee  molecules  bare  shorter  vibrational  re- 
laxatlQO  tines,  and  ue  suggest  that  the  principal  process  is  tbs  highly 
efficient  transfer  of  vibrational  energy  frcn  one  species  to  the  other: 

HpO*  ♦  CO  f— ^  SgO  t  CO’'. 

The  infrared  nethod  for  measuring  vibrational  relaxation  tines  has 
the  advantage  of  looking,  at  least  to  eoas  extent,  at  the  rate  of  excitation 
of  pertleular  states.  The  limitations  as  to  rise  tine  and  sensitivity  of 
detectors  prsaeotly  tvallsble  are  such  that  the  method  Is  applicable  only 
to  infra-red  active  molecules  vith  rather  long  relaxation  tines. 

Acknoirledgments 

We  are  Indebted  to  the  ONR  fcr  support.  Dr.  Russ  Duff  of  Los  Alamos 
generously  perfonzed  many  of  the  reflected  shock  calculations. 

One  of  us  (M.v.)  is  izidebted  tc  the  Cocmlssloners  for  the  Exhibition 
of  1B31  for  a  Senior  Studentship,  and  one  of  '.iB  (R.T.)  Is  indebted  to  the 
duPoirt  Co.  for  a  fellovship. 


Contribution  Ho.  2350  from  the  Gates  and  Crellln  Laboratories  of  Chenlctry 


19- 


Htftrencts 

1.  K.  Henftld,  tiiiraodyMmlct  and  Riy»i€B  of  Mattr^  Prlneeton  lAcdtwrtity 

Pz«f»a,  SactloQ  U 

2.  7.  BlaekMtt,  J.Fluid  mth.  I,  6l  (19^) 

5«  P*  ?•  Sldbodakagra,  Xxaaat.  Akad.  1Ml«  S*S»R*^  Ser.  fls.  6^6  (19^) 

M.  V*  Mladmor,  H.  tarldaon  and  R.  Tagrlar,  J.  Chea*  Fhya*  313  (1937) 

3«  8*  fmxamT  and  D«  Vebar,  J.  Chaa*  fliTa*  807,  317  (1931) 

6m  3.  Pamiar  and  0.  Wabar,  J«  Chaa.  Hqra*  1331#  I36l  (1931) 

7*  D«  Britton,  !•  Darldaaa  and  G«  sa^ott,  Diaettaalona  of  tha  Paraday 
Soelaty,  !fo.  17#  19!^#  pp.  33-68 

6*  V.  D.  Oraanapaa  and  ?•  H.  Slaakaan,  Ball*  Aau  Pbya.  Soc*  II2,  217  (1937) 
(April  1937#  Vaahli^^ton  aaatlac) 

9.  B.,  Moatroll  and  K.  E,  Shuler,  J.  Cheir.  Phys.  26,  (1937). 

10*  f.  1.  Tanezoa,  J*  Cham.  Ihja.  2^,  t39  (1956) 

11.  J.  0.  Hlraehfaldar,  C.  F.  Curtiaa,  and  R.  B.  Bird,  Holecalar 

of  Coaes  and  Liaalda,  J.  VUay  Sana,  lae.,  llav  York,  105k,  p.  1111, 


■«* 


-20« 


7if«  !•  adisDatle  OiUgrm  of  Bq^pnoot. 

FIb*  2.  Typical  OccHlogrcjih  Record  of  ftdMloQ  tram  CO  heated  hgr  Shock. 

Initial  eoidlUaa;  X  ■  ^*Ks  ?  -  .036  ata  CO.  FtMl  aonlltian, 
X  ■  lU6*Kf  P  a  5.01  ate.  naa  la  tlia  horlsoatel  coeedtaate. 

The  three  hodseflteX  eweepe  at  the  top^  aiddlef  end  bottoa  of  the 
picture  ere  tiae  eellbretioii  earke  vlth  IX  ^mc  pipes  fcleelon 
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FIbs  3*  Thaperettare  IhpoaAeaee  of  flbrotiaael  ReleaBOtlen  in  Xs 
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